We report the developmental regulation of a lacZ reporter transgene fused to the promoter region of the human keratin 6a gene. In mouse embryos, the transgene is expressed in the periderm (the outermost layer of embryonic epidermis), as are the endogenous keratin 6 a and b genes. A subset of periderm cells, localized to temporary epithelial fusions, is known to contain keratin 6 protein, and we ®nd that these cells also harbor LacZ enzymatic activity. q
Results
The expression of the type II keratin 6 (K6) genes, along with their partner type I keratin 16 and 17 genes, can not be readily associated with a well-de®ned epithelial context (O'Guin et al., 1990) . These three genes are regulated in both an inducible and constitutive manner (McGowan and Coulombe, 1998b; Takahashi et al., 1998) . The inducible component is interesting because of its rapid manifestation following injury, viral infections, psoriasis, cancer, and other challenges to epithelial tissues. Here, we show that a reporter transgene based on the 5 H upstream region of the human K6a isoform gene, which confers the inducible, but not the constitutive aspect of K6 regulation in adult mouse skin epithelia (Takahashi and Coulombe, 1997) , emulates the expression of the endogenous K6a and K6b genes in the periderm layer of developing skin.
K6 regulation during development
Immunohistochemical staining of mouse embryos shows (McGowan and Coulombe, 1998a; Wojcik et al., 2000) that K6 is expressed in the skin beginning at E14.5. This expression is restricted to a small subset of cells within developing hair follicles, and to the periderm, which is shed by birth (Maconnachie, 1979) .
We used E15±16.5 embryos to perform in situ hybridization and determined that both K6a and K6b mRNAs are in the periderm layer of the epidermis (Fig. 1A±D ). These transcripts were also detected in the epithelia of the oral mucosa (Fig. 2E ). PCR after reverse transcription of total RNA (RT-PCR) con®rmed that both K6a and K6b were present in developing skin, whisker pads and tongue (Fig. 1E ).
Transgene regulation during development
Transgenes containing fragments of various K6 genes have been created and tested in mice. The expression pattern of many of these constructs mimics the inducible aspect of K6 regulation Coulombe, 1996, 1997; Ramirez et al., 1998) . In one study, a large segment of the bovine upstream sequence (Ramirez et al., 1995) allows faithful reporter gene transcription in hair follicles and oral epithelia, but not foot sole epidermis; no one has engineered a transgene that reproduces all of the constitutive and inducible regulation of K6 genes in the mouse Wojcik et al., 1999) .
We have generated mouse lines (Takahashi and Coulombe, 1997) which harbor reporter transgenes that consist of various lengths of 5 H non-coding sequence from the human K6a gene: KT1-1p, -3m, -5m (5.2 kb); KT2-2m (2.5 kb); KT3-3m (1.0 kb); and KT4-3p (0.5 kb). These promoter regions are fused to a lacZ gene that contains a nuclear localization signal (Li et al., 1993) . Adult mice of the KT3 (1.0 kb), KT2 (2.5 kb) and KT1 (5.2 kb) lines express the transgene in instances where the endogenous Endogenous expression of K6 genes. DIG-labeled sense or antisense probes were hybridized with sections prepared from E15 dorsal trunk skin and then visualized using alkaline phosphatase and BCIP/NBT. In situ hybridization was performed with anti-sense probes to the 3 H non-coding sequence of (A), mouse K6a; or (C), mouse K6b. (B,D) The control sense probes produced no signal. Arrows in (C) point to discreet regions which are expressing mouse K6b. The dashed line indicates the epidermal/dermal boundary. Bars, 100 mm. (E) RT-PCR results show that both a and b are present in the skin, whisker pads and tongue. The total RNA was harvested from tissues and 1 mg was used to prepare cDNA. Speci®city was established using phage clones and by digesting PCR products with restriction enzymes (data not shown). No signal was detected in brain samples or in reactions lacking reverse transcriptase or RNA, establishing speci®city. The expected size of mouse K6a is 1.5 kb, ,440 bp for mouse K6b, and 402 bp for b-tubulin.
K6 protein is induced, such as upon injury or application of TPA Coulombe, 1996, 1997) .
We obtained developmentally staged embryos from several transgenic lines and examined them for reporter expression by staining with 5-bromo-4-chloro-b-D-galactopyranoside (X-gal). All lines, except KT4-3p, which contains only 550 bp of upstream sequence, expressed the transgene in a similar fashion in developing epithelia. E9.5±E14.5 embryos contained no X-gal stained cells in the skin; however, at E14.5, a few transgene-positive cells could be seen in the tongue (data not shown). By E15, we observed signi®cant LacZ activity in epithelial tissues, such as the oral mucosa ( Fig. 2A ) and the skin (Fig. 2B) . The expression of the reporter transgene at the skin surface peaked at E16.5 (Fig.  2C) and was restricted to the periderm (see below). By E18.5, there was less intense, patchy X-gal staining at the embryo surface (Fig. 2D) , and in newborns, only traces remained (data not shown). This is consistent with the shedding of the periderm known to occur shortly before birth. Such results were obtained in KT3 (1.0 kb), KT2 (2.5 kb) and KT1 (5.2 kb) lines, and were con®rmed by a biochemical assay for b-galactosidase activity in embryonic trunk skin extracts.
Tissues were harvested from wild-type and transgenic E16.5 embryos and processed for histology or in situ hybridization. In the dorsal tongue and upper palate, endogenous K6 mRNA is restricted to the uppermost epithelial layers (Fig. 2E) , and this is recapitulated by the reporter transgene (Fig. 2F) . In embryonic skin, X-gal stained nuclei are restricted to the periderm layer (Fig. 2G) , which is also strongly immunopositive for K6 antigens (Fig. 2H) . Based upon the size and spacing of the average nucleus in rat periderm (Bonneville, 1968) and our observation that all nuclear pro®les are X-gal stained in cross-section, we infer that transgene expression is likely to occur in all periderm cells. We can not exclude the possibility that a subset of these cells does not.
Transgene expression in temporary epithelial fusions
Although the periderm has no clearly de®ned role during development, its disappearance coincides with the completion of barrier formation in human and mouse skin (Hardman et al., 1998 (Hardman et al., , 1999 Akiyama et al., 1999) , and a subset of the periderm cells participates in events termed as temporary epithelial fusions. The designation,`temporary', serves to distinguish them from other embryonic fusions, such as the closure of the neural tube and the palate, which involve the mesenchyme and are permanent (Harris and McLeod, 1982; Maconnachie, 1979) . The eyelids, digits, and pinnae (outer ears) are the sites of temporary epithelial fusions. Several instances of the`eyes open at birth' phenotype in mutant mouse models have renewed the interest of researchers for eyelid fusion (Carroll et al., 1998; Stepp, 1999; and references therein) .
Expression of the 5.2 kb promoter transgene was seen on the surface of temporary epithelial fusions, starting at E15. The advancing eyelid margin was LacZ-positive after staining with X-gal (Fig. 3A,B) . The digits and pinnae also exhibited strong reporter activity along lines of fusion (Fig. 3C,D) . Similar results were obtained in E16.5 embryos harvested from other transgenic lines (1.0 and 2.5 kb promoters; data not shown). Histological studies of cross-sections through these fusion sites revealed that the leading periderm cells contained both K6 protein and b-galactosidase activity (Fig. 3E,F) .
Material and methods

Mouse embryos
Matings were initiated and embryos timed as in Findlater et al. (1993) . The embryos were harvested at various timepoints and ®xed in 4% paraformaldehyde for in situ hybridization, Bouin's ®xative for immunohistochemistry, and 2% paraformaldehyde/0.1% glutaraldehyde for X-gal staining.
RT-PCR
The embryos were collected at E15.5. Tongues, trunk skin, whisker pads and brains were each pooled from an entire litter and snap frozen in liquid nitrogen. RNA was prepared by crushing tissue, homogenizing in Trizole reagent (Life Technologies, Inc., Gaithersburg, MD) and following the manufacturers' instructions. First strand DNA was synthesized (Advantage w for PCR, Clontech, Palo Alto, CA) with 1 mg of RNA as per manufacturers' instructions, and then used as template for PCR (Roche, Palo Alto, CA) with the following primers:
H -GAGCAGAGATGGCATCATGTGAG- and (B, D) , KT1-5m, both harboring the 5.2 kb human K6a promoter construct, and from (E), wild-type mice, were harvested from timed matings, ®xed, and X-gal stained. At the (A), advancing eyelid margin, LacZ activity is present and (B), persists after the eyelids have fused. (C) At the initiation of temporary epithelial fusions between the digits, the transgene is already present, and (D), the X-gal staining persists once fusion is complete. In the (E), developing eyelid, and (F), at the surface of the digit fusion, K6 protein detection by immunohistochemistry and X-gal staining shows both the transgene and endogenous K6 at high levels. Immunostaining was visualized using AEC to produce a reddish-brown precipitate. were washed extensively with PBS and then stained with Xgal staining solution (Garlick and Taichman, 1994) at 308C.
Immunohistochemistry
After Bouin's ®xation overnight at 48C, the embryos were paraf®n-embedded and sectioned. Immunostaining with an antibody to K6 protein is described elsewhere (McGowan and Coulombe, 1998a) .
